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Abstract Maghemite nanoparticles were electro-

chemically synthesized from environmentally benign

solutions in ambient conditions and utilized to reme-

diate As(V) from aqueous solution. The average size

and surface area of the maghemite nanoparticles were

controlled to be 11–23 nm and 41–49 m2 g-1, respec-

tively, by adjusting applied current density. The point

of zero charge and crystallinity were independent of

size. The effect of size and environmental conditions

(i.e., maghemite nanoparticles content, contact time,

and solution pH) on the adsorption of As(V) were

systematically investigated. Similar to As(V) remedi-

ation using zero valent iron nanoparticles (NZVI), the

kinetics of adsorption were best described by the

pseudo first order model where the remediation is

limited by the mass transfer of As(V) to adsorption

sites of maghemite. The adsorption was spontaneous

and endothermic which fitted with the Langmuir and

Freundlich isotherms. The results observed in batch

study indicate that maghemite nanoparticles were

suitable adsorbent for remediating As(V) concentra-

tion to the limit (10 lg l-1) recommended by the

World Health Organization (WHO).
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Introduction

Arsenic, a common constituent of the earth’s crust, is

a major contributor to pollution in the biosphere and a

growing issue regarding the health and safety of

people around the world. Arsenic in soils and waters

can naturally occur from weathering of soils, volcanic

activity, or forest fires and from some anthropogenic

sources including arsenical pesticides, disposal of

fly ash, mine drainage, and geothermal discharge

(Goldberg and Johnston 2001).

Potable groundwater supplies in many countries

(including Bangladesh, India, Taiwan, Mongolia,

Vietnam, Argentina, Chile, Mexico, Ghana, and the

United States) contain dissolved arsenic in excess of
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10 lg l-1, the maximum level recommended for

potable waters by the World Health Organization

(Smedley and Kinniburgh 2002; WHO 1993).

Under normal conditions, arsenic exists in two

oxidation stages, arsenite (As(III)) and arsenate

(As(V)). The trivalent and pentavalent ions of arsenic

are known to be acutely toxic. This toxic material is

ranked 1st on the U.S. Environmental Protection

Agency’s (EPA) national priority list. Arsenic exists

as several different species depending on the pH and

redox conditions. At natural pH values, arsenite exists

in solution as H3AsO3, and H2AsO3
-. Arsenate can

exist in solution as H3AsO4, H2AsO4
-, HAsO4

-2, and

AsO4
-3. Since the redox reactions are relatively slow,

both As(III) and As(V) are often found in soil and

subsurface environments regardless of environmental

conditions (Goldberg and Johnston 2001).

For the removal of arsenic from water, various

treatment technologies such as adsorption (Chakravarty

et al. 2002; Dixit and Hering 2003; Pierce and Moore

1980), co-precipitation (Bissen and Frimmel 2003),

filtration (Brandhuber and Amy 1998), anion

exchange (Korngold et al. 2001), and electrocoagula-

tion (Balasubramanian and Madhavan 2001) have

been applied. However, due to the high capital and

operating cost, most technologies have limitations to

be applied for a small-scale system and developing

countries. Compared to other techniques, adsorption

is one of the effective treatment processes to reme-

diate contaminants from aqueous environment due to

the lower cost and easy separation of the small amount

of toxic elements from large volumes of solutions.

Several researchers applied iron oxides (Appelo et al.

2002; Kundu and Gupta 2006) to remediate arsenic

because of low-cost and abundance in natural system.

Different iron oxides were used to observe the arsenic

sorption on the iron oxides (Gimenez et al. 2007). The

sorption of As(V) on iron oxide was affected by pH

condition due to the surface charge. Sorption efficiency

decreased with the increase of pH and the variation of

the sorption with the initial concentration of As(V)

followed the Langmuir isotherm (Grossl and Sparks

1995; Matis et al. 1997). Singh et al. examined the

sorption of As(V) on the natural hematite; sorption of

As(V) on the natural hematite matched well with the

first-order kinetics model and fitted well with the

Langmuir isotherm (Singh et al. 1996).

Moreover, the versatility of nanoscale iron/iron

oxide materials has been demonstrated for potential

use in an environmental application (Kanel et al.

2006; Kanel et al. 2005; Uheida et al. 2006) due to

the extremely large surface to volume ratio and high

reactivity. These materials have great potential in a

wide array of environmental applications including

adsorption, reduction, and dechlorination (Lien and

Zhang 1999; Ponder et al. 2000; Wang and Zhang

1997).

In our prior work, we demonstrated the electro-

chemical synthesis of maghemite nanoparticles in

environmentally benign solution (Park et al. 2008).

The size, shape, and production rate of nanostructures

were controlled by adjusting deposition conditions in

ambient conditions. In this paper, we applied ma-

ghemite nanoparticles to remediate As(V) from

aqueous solutions. The effect of size and environ-

mental conditions (i.e., maghemite nanoparticles

content, contact time, and solution pH) on the

adsorption of As(V) were systematically investigated.

Based on these studies, the adsorption kinetics and

thermodynamics were determined.

Experimental section

Chemical and materials

As(V) stock solutions (1000 mg l-1) were prepared

from Na2HAsO4�7H2O (Sigma Aldrich Chemical Co.).

Prior to each experiment, intermediate As(V) stock

solutions (100 mg l-1) were prepared by diluting the

stock solutions. Finally, 10 mg l-1 As(V) solutions

were prepared from the intermediate solution from

which solutions of various concentrations according to

the experimental needs were prepared. For pH adjust-

ment 1 M HCl or NaOH solutions were used. All

experiments were performed in 0.01 M NaCl back-

ground solution of As(V). All chemicals used in this

study were reagent grade. Ultrapure water was used in

preparation of all solutions. The iron salt solution used

for electrochemical synthesis of nanoparticles was

prepared using FeCl3 (Fischer scientific Co.).

Synthesis of maghemite nanoparticles

Maghemite nanoparticles were cathodically electro-

deposited (i.e., constant applied current density) from

0.01 M FeCl3 solution at 20 �C. Stainless steel sheet

and steel rod were used as cathode and anode,
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respectively. The solution pH was adjusted to 2 using

concentrated HCl or NaOH and current densities

were varied from 500 mA cm-2 to 2000 mA cm-2.

The resulting nanoparticles were washed several

times with ultrapure water followed by vacuum

drying.

Characterization of maghemite nanoparticles

The crystallinity of maghemite nanoparticles was

characterized using X-ray diffraction (XRD) (Miniflex

diffractometer generator tension = 40 kV, current =

40 mA; Rigaku Corp., Tokyo, Japan with Cu Ka
source and a step size of 0.02� at room temperature).

The size and morphology of the nanoparticles was

characterized by transmission electron microscopy

(TEM) (JEM 2100, JEOL, Japan). The surface area

and electrophoretic mobility (f-potential) were mea-

sured by Brunauer-Emmett-Teller (BET) N2 method

(ASAP 2020, Micromeritics, USA) and light scatter-

ing spectrophotometer (ELS-8000, Photal, Otsuka

Electronics, Japan), respectively. For zeta potential

measurement, the pH was adjusted between 3 and 11

by dropwise addition of 1 M HCl or NaOH.

Kinetic investigation of As(V) adsorption by

maghemite nanoparticles

Time-dependent batch As(V) adsorption with

maghemite nanoparticles was determined by reacting

1 mg l-1 As(V) with varying maghemite nanoparti-

cles concentrations (0.10, 0.25, 0.50, 0.75, and

1.00 g l-1). The size effect of maghemite nanopar-

ticles was analyzed by reacting 1 mg l-1 As(V) and

0.5 g l-1 maghemite nanoparticles with two different

sizes (23 ± 5 nm and 11 ± 6 nm). Total As concen-

tration was analyzed by atomic adsorption

spectroscopy (AAS) at various times (0.5, 1, 3, 5, 7,

10, 15, 30, 60, and 120 min). Batch experiments were

conducted in 50 ml polypropylene bottles containing

40 ml As(V) solution in 0.01 M NaCl. After given

reaction time, supernatant solutions were filtered with

0.22 lm membrane and analyzed. The test bottles

were shaken in the temperature controlled shaker, at a

speed of 125 ± 10 rpm and at the desired tempera-

ture for the various experimental studies.

The effect of pH on As(V) removal was studied

with an initial As(V) concentration of 1 mg l-1 and

an adsorbent dose of 1 g l-1 and varying the pH from

2 to 12. Adsorption isotherm studies and thermody-

namic studies were executed by varying the initial

concentrations of As(V) (1.0, 1.5, 2.0, 2.5, 3.0, 3.5,

and 4.0 mg l-1) and keeping the adsorbent dose fixed

(1 g l-1) at different temperatures (288, 298, 308,

and 318 K). Modeling of the isotherms was done by

using Freundlich and Langmuir isotherm equations.

Equilibrium time for the isotherm and thermody-

namic studies was kept for 2 h.

Results and discussion

Characterization of maghemite nanoparticles

Size, shape, and composition of nanoparticles are

important parameters that affect the chemical and

material properties of nanoparticles. XRD and TEM

measurements were conducted to determine size,

crystallinity, and morphology of nanoparticles.

Figure 1 shows the XRD patterns of iron oxide

nanoparticles prepared by electrochemical method

under different current densities. The XRD patterns

were independent of applied current densities and

show that they are randomly oriented polycrystalline

maghemite (Powder diffraction file, JCPOS card).

Figure 2 shows the sizes and shapes of maghemite

nanoparticles synthesized by different current densi-

ties for (a) 500 mA cm-2 and (b) 2000 mA cm-2. It

is worthwhile to note that the size distributions of the
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Fig. 1 X-ray diffraction patterns of maghemite nanoparticles

deposited at different current densities (i.e., 500 and

2000 mA cm-2)
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maghemite nanoparticles with different current den-

sities (500 mA cm-2, and 2000 mA cm-2) are

approximately spherical 23 ± 5 nm and 11 ± 6 nm

diameter particles, respectively. The BET surface

areas of the 23 ± 5 nm and 11 ± 6 nm maghemite

nanoparticles are 41.54 m2 g-1 and 49.38 m2 g-1,

respectively. BET surface areas were not significantly

increased even though the particle size decreased by

approximately two times. It can be explained that

relatively higher aggregation rate of the smaller

nanoparticles affects to the BET surface area because

as particle size decreases the surface energy

increases, which will affect the increase of nanopar-

ticle aggregation.

The electrophoretic mobility of maghemite nano-

particles was measured to determine the point of zero

charge (pHpzc) at which the net surface charge is zero.

Maghemite nanoparticles prepared with different cur-

rent densities (500 mA cm-2, and 2000 mA cm-2)

exhibit a net positive charge at pH lower than the pHpzc

of 8.3 and 7.9, respectively (Fig. 3). These values are

comparable with previous reports (Fauconnier et al.

1997; Garcell et al. 1998; Hu et al. 2006). The pHpzc of

maghemite nanoparticles is slightly high compared to

the previous reports indicating the pHpzc in the range of

6.6–7.8. The sorption of arsenic on the adsorbent is

strongly affected by surface charge of the adsorbent

and oxidation state of arsenic. Relatively higher pHpzc

values of maghemite nanoparticles indicate that pos-

itively charged maghemite nanoparticles can be

maintained at high pH conditions. The slightly high

values of pHpzc indicate that electrochemically syn-

thesized maghemite nanoparticles are good adsorbents

for As(V) in a wide range of pH conditions.

Kinetic investigation of As(V) adsorption

The As(V) adsorption kinetics data were examined

using pseudo first order reaction kinetics expression:

Rate ¼ � d Astot½ �
dt

¼ kobs c - Fe2O3½ � ð1Þ

where Astot = As(III) ? As(V) is the concentration

of As (mg l-1) at time t (min), [c-Fe2O3] is the

concentration of maghemite nanoparticles (g l-1),

and kobs is the pseudo first order rate constant of

As(V) (min-1).

Figure 4 shows kobs values as a function of the

maghemite nanoparticles concentration. The pseudo

first order rate constants (kobs) for As(V) were 0.105,

0.209, 0.924, 2.150, and 2.433 min-1 at 0.10, 0.25,

0.50, 0.75, and 1.00 g l-1 maghemite nanoparticles,

respectively, which are about 3.4 times higher

compared to nanosize zero-valent iron nanoparticles

(NZVI) which have specific surface area of

25 m2 g-1 (Maximum kobs: 0.7 min-1 at As(V):

1 mg l-1, NZVI: 1.00 g l-1 in 0.01 M NaCl at pH 7,

298 K) (Kanel et al. 2006). These results clearly

show that maghemite nanoparticles have a high level

of capacity in terms of the removal of As(V). This

Fig. 2 TEM images of

maghemite nanoparticles

deposited at (a)

500 mA cm-2 and (b)

2000 mA cm-2
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Fig. 3 Zeta potential of maghemite nanoparticles deposited at

different current densities (i.e., 500 and 2000 mA cm-2)
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faster pseudo first order rate constants (kobs) represent

a rapid adsorption to reach equilibrium early. In

addition, reaction rate constant increased with

increasing adsorbent doses for a given initial As(V)

concentration, because for a fixed initial As(V)

concentration, increasing the adsorbent doses pro-

vided a greater surface area or available adsorption

sites.

In this study, As(V) removal rate is proportional to

the amounts of exposed maghemite nanoparticle

surface. Therefore, regarding the maghemite nano-

particle activity per unit surface area, the kobs

necessarily normalize according to the surface area

and the mass concentration of maghemite nanopar-

ticles. The surface normalized rate constant (ksa) for

As(V) in this study was 0.025–0.069 l m-2 min-1

(Table 1) for each varying dose of maghemite

nanoparticle concentrations (0.10, 0.25, 0.50, 0.75,

and 1.00 g l-1), respectively. An initial faster rate

As(V) removal from aqueous solution took place

within 20 min followed by a slower uptake reactions.

To compare the adsorption capacity of maghemite

nanoparticles with that of bulk size iron oxides, they

took approximately 2 days to reach the equilibrium

([As]0 = 2 9 10-5 M, Iron oxide = 0.1 g) (Gimenez

et al. 2007). This result is encouraging; particle size

is one of the important parameters for the arsenic

removal.

As shown in Fig. 5, the particle size based As(V)

adsorption removal ratio of 11 ± 6 nm maghemite

nanoparticles is approximately 1.6 times higher than

that of 23 ± 5 nm maghemite nanoparticles. Pseudo

first order rate constants (kobs) and surface normalized

rate constant (ksa) for As(V) with 0.5 g l-1 dose of

11 ± 6 nm maghemite nanoparticles were 1.826

min-1 and 0.074 l m-2 min-1, respectively. Maxi-

mum As(V) adsorption capacities (qmax, lmol g-1) on

the different size (300 nm and 20 nm) of magnetite

were reported by Yean et al. (Yean et al. 2005). With

respect to the effect of particle size, As(V) adsorption

capacities for 20 nm magnetite nanoparticle were

approximately 6 times larger than that of 300 nm

magnetite nanoparticle. Our results are in general

agreement with those of Yean et al. These results

indicate that size effects may result in higher surface

area normalized adsorption with decreasing particle

size.
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Fig. 4 Kinetics of As(V) adsorption on maghemite nanopar-

ticles with varying the nanoparticle concentrations (applied

current density of 500 mA cm-2, 1 mg l-1 of As(V) in 0.01 M

NaCl at pH 7, maghemite nanoparticles dose: 0.1–1.0 g l-1)

Table 1 Pseudo first order rate constant (kobs) and their sur-

face area normalized rate constant (ksa) for arsenic removal by

maghemite nanoparticlesa

Maghemite

nanoparticles (g l-1)

Kobs

(min-1)

Ksa

(l m-2 min-1)

R2

0.10 0.105 0.025 0.99

0.25 0.209 0.020 0.93

0.50 0.924 0.044 0.97

0.75 2.150 0.069 0.98

1.00 2.433 0.059 0.98

a As(V) 1 mg l-1 in 0.01 M NaCl, at pH 7, room temperature
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Fig. 5 Kinetics of As(V) adsorption on different size of

maghemite nanoparticles (0.5 mg l-1 of maghemite nanopar-

ticles, 1 mg l-1 of As(v) in 0.01 M NaCl at pH 7, applied

current densities: 500 and 2000 mA cm-2)
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As(V) adsorption isotherm

Freundlich and Langmuir isotherms were used to

describe the adsorption equilibrium between adsorbed

As(V) on maghemite nanoparticles (qe) and As(V) in

solution (Ce) as a function of temperature (288, 298,

308, and 318 K).

It appeared that both Langmuir (R2 [ 0.95) and

Freundlich (R2 [ 0.86) models agree well with the

experimental data (Table 2). Isotherm studies with

the Freundlich and Langmuir isotherms indicate that

the adsorption of As(V) onto maghemite nanoparti-

cles is very suitable according to the high R2 values.

The Langmuir model, which is valid for clean,

smooth, and nonporous surface was applied to

quantify adsorption capacity and is given as follows:

1

qe

� �
¼ 1

bqmaxCe

� �
þ 1

qmax

� �
ð2Þ

where Ce is the equilibrium solute concentration

(mg l-1), qe the equilibrium adsorption capacity

(mg g-1), and qmax and b are the Langmuir constants

related to saturated monolayer adsorption capacity

(mg g-1) and the binding energy of the sorption

system, respectively.

The values of b and qmax were calculated from the

slope and the intercept of the linear plot of 1/qe versus

1/Ce are presented in Table 2. The maximum As(V)

adsorption capacity (qmax, mg g-1) on the maghemite

nanoparticles was calculated by Langmuir isotherm

which was 4.643 mg of As(V)/g of maghemite

nanoparticles at 25 �C and pH of 7. The value shows

greater adsorption capacity compared with different

iron oxides including amorphous iron oxide (Pierce

and Moore 1982), hematite (Singh et al. 1996), and

iron oxide (Fe2O3) (Jeong et al. 2007). The greater

adsorption capacity might be attributed to greater

surface area to volume ratio.

Dimensionless separation factor RL with Langmuir

parameters can be used as a indicator of the affinity

between adsorbent and adsorbate (Kundu and Gupta

2006).

RL factor is described by the following form:

RL ¼
1

1þ bC0

ð3Þ

where C0 is the initial As(V) concentration (mg l-1)

and b the Langmuir isotherm constant. Value of

RL \ 1 represents favorable adsorption and RL [ 1

represents unfavorable adsorption (McKay et al.

1982). The values of RL, for various initial As(V)

concentrations, at all temperatures are less than 1.

This indicates a highly favorable adsorption of As(V)

on maghemite nanoparticles with increased efficiency

at higher As(V) concentrations than the lower ones.

The Freundlich model has the following form:

log qeð Þ ¼ log kf

� �
þ 1

n
log Ceð Þ ð4Þ

where qe is the uptake at the equilibrium concentration

(mg g-1), Ce the equilibrium solute concentration in

solution (mg l-1), and kf and n are the constants

representing the adsorption capacity and the adsorp-

tion intensity, respectively. The values of kf and 1/n

were calculated from the slope and the intercept of the

linear plot between log qe and log Ce and are presented

in Table 2. From Table 2, it is evident that the kf value

increases with increase in temperature, which

accounts for the endothermic nature of the ongoing

process.

Thermodynamic parameters of adsorption

Thermodynamic parameters were also calculated

based on the Eqs. 5–7 and presented in Table 3 (Ajmal

et al. 1998):

Kd ¼
qe

Ce
ð5Þ

ln Kdð Þ ¼
DS

R

� �
� DH

RT

� �
ð6Þ

DG ¼ DH � TDS ð7Þ

where DG is the Gibbs free energy change, R is the

ideal gas constant (4.187 J mol-1 K-1), T is

Table 2 Parameters of Langmuir and Freundlich isotherms

for adsorption of As(V) on by maghemite nanoparticlesa

Temp (K) Langmuir constant Freundlich constant

qmax b R2 kf 1/n R2

288 2.928 0.611 0.946 1.702 0.152 0.973

298 4.643 0.148 0.978 1.992 0.112 0.856

308 2.859 6.663 0.920 2.319 0.159 0.957

318 3.505 4.099 0.972 2.639 0.182 0.903

a Experimental conditions for maghemite nanoparticles:

1 g l-1 in 0.01 M NaCl, pH 7
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temperature (K), Kd is the Freundlich or Langmuir

isotherm constant, DH is the enthalpy change, and DS

is the entropy change.

Experiments for As(V) removal were carried out at

288, 298, 308, and 318 K for As(V) concentrations of

1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 mg l-1, for the

determination of the thermodynamic parameters. It

was observed that the As(V) removal increased with

the increase in temperature showing the endothermic

nature of the process. The thermodynamic parameters

obtained for the adsorption systems were calculated

and the values are given in Table 3.

The results presented in Table 3 show that nega-

tive values of DG and positive entropy changes

indicate that the adsorption process is spontaneous for

As(V) with high affinity to maghemite nanoparticles.

Gibbs free energy values from the experimental data

decreases with increasing temperature indicating that

the reaction is easier at higher temperatures. Positive

entropy change (DS) suggests the increase in ran-

domness at the solid-solution interface during the

adsorption of As(V) on maghemite nanoparticles.

The values of enthalpy change (DH) were positive,

thereby it can be suggested that adsorption between

maghemite nanoparticles and As(V) is endothermic

nature of the process.

Effect of pH on As(V) adsorption

The effect of pH on As(V) adsorption on maghemite

nanoparticles is presented in Fig. 6. The extent of

removal was 99.9% in the pH range 2–9 and

decreased sharply when the pH is higher than 10.

As pH increases, the degree of protonation of the

maghemite reduces gradually. This causes the repul-

sion between adsorbate and adsorbent. Raven et al.

(1998) reported adsorption envelopes of iron oxide

for arsenic. As the pH increased, especially over than

pH 7, the amount of the adsorbed As(V) decreased.

Table 3 Thermodynamic parameters for the adsorption of As(V) on by maghemite nanoparticles

Freundrich constants

Temp (K) ln kf DHa (kJ mol-1) DSb (kJ mol-1 k-1) DGc (kJ mol-1)

288 0.532 4.820 0.019 -0.641

298 0.689 4.820 0.019 -0.860

308 0.760 4.820 0.019 -0.980

318 0.971 4.820 0.019 -1.292

Langmuir constants

Temp (K) ln qmax DHa (kJ mol-1) DSb (kJ mol-1 k-1) DGc (kJ mol-1)

288 0.814 3.493 0.015 -0.982

298 0.723 3.493 0.015 -0.902

308 0.923 3.493 0.015 -1.190

318 1.180 3.493 0.015 -1.475

a DH = Enthalpy
b DS = Entropy of activation
c DG = Free energy
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Fig. 6 Adsorption of As(V) on the maghemite nanoparticles

as a function of pH (1 mg l-1 of As(v) in 0.01 M NaCl with

1 g l-1 of maghemite nanoparticles, applied current density:

500 mA cm-2)
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This is due to an increased electrostatic repulsion

between more negative charged As(V) and negative

charged surface sites.

According to the arsenic species stability diagram,

for As(V), the stable species are anionic: H2AsO4
-

(pH 3–6) and HAsO4
-2 (pH 7–11) (Bowell 1994).

These are attracted to the oxides when the mineral

surfaces are positively charged, i.e., when pH \ pHpzc.

This would explain why, when pH [ 9, As(V) sorption

decreases rapidly.

Conclusions

An electrochemical method to prepare maghemite

nanoparticles for As(V) removal was studied.

Maghemite nanoparticles are found to be a suitable

adsorbent for As(V) removal from aqueous system

over a wide pH range. From the thermodynamic and

kinetic studies of As(V) on maghemite nanoparticles,

the kinetic studies revealed that the pseudo first order

model was able to provide a adequate description of

the adsorption kinetics of As(V) on maghemite

nanoparticles. Isotherm studies at various tempera-

ture conditions indicated that adsorption of As(V) on

maghemite nanoparticles was best described by

Freundlich and Langmuir isotherms. Thermodynamic

parameters DH, DS, and DG indicate that the

adsorption process was spontaneous and endothermic

nature of the adsorption.
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